Observations on shocked quartz in Cretaceous-Tertiary (K-T) boundary sediments compellingly tied to Chicxulub crater raise three problems. First, in North America shocked quartz occurs above the main K-T ejecta layer. Second, shocked quartz is more abundant west than east of Chicxulub. Third, shocked quartz reached distances requiring initial velocities up to 8 kilometers per second, corresponding to shock pressures that would produce melt, not the moderate-pressure shock lamellae observed. Shock devolatilization and the expansion of carbon dioxide and water from impacted wet carbonate, producing a warm, accelerating fireball after the initial hot fireball of silicate vapor, may explain all three problems.
impact crater (12) dating precisely from the K-T boundary at 65.0 Ma (13) and surrounded out to -4000-km radius by proximal ejecta at the biostratigraphic K-T boundary (5, 7, 8) (14) . The (17) . It now seems clear that both layers were produced by the Chicxulub impact and that the shocked quartz and other minerals originated from the basement granite. Iridium and quartz are believed to come from different sources: vaporized meteorite and unmelted basement rock, respectively. Problem 1 is thus, how did the shocked quartz and the iridium end up together in a separate layer, above the layer of kaolinitic clay?
The geographic distribution of K-T shocked quartz is not fully known, but it appears to be much more abundant and slightly coarser grained at longitudes west of Chicxulub. Many sites in the western interior of North America are rich in coarse shocked quartz grains (up to 0.64 mm) (2) (3) (4) (5) . In addition, shocked quartz grains are abundant and fairly coarse in all seven drill holes on the Pacific plate in which the K-T boundary has been found (18, 19) . This presents a sharp contrast with sites in Europe, Africa, and Asia, where shocked quartz has been difficult to find (3, 4, 5, 20 (22) suggest that volatiles in the target body may significantly influence the impact processes and products. The Chicxulub crater is buried, so it is inaccessible but uncommonly well preserved. Study of this large, young terrestrial crater will help clarify the processes involved in comet and asteroid impact. Moreover, this was an unusual impact because of the combined carbonate and granite target lithologies, which would have generated large amounts of CO2 and H2O. Kieffer and Simonds (22) and O'Keefe and Ahrens (23) have given general consideration to the role of COz and H)O vapor in impact and the impact cratering process; we now apply these considerations to the specific case of the Chicxulub crater.
Global-Scale Ballistics of the Ejecta
We suggest that both the distribution of the shocked quartz and its occurrence in a separate layer can be explained by transport of the quartz grains on ballistic trajectories different from those of the glassy ejecta which altered to form the kaolinitic clay layer. We have calculated the reimpact loci of ballistic ejecta from Chicxulub as a function of the velocity and elevation angle of launch, taken around a 360°r ange of launch azimuths (24 (28, 29) , and that had fully burned (30) and collapsed before the fall of the second layer. (22) . 932 We assume that a stony meteorite 10 km in diameter traveling at 24.6 km/s strikes a region with a 3-km-thick layer of wet carbonate overlying a granitic basement (33 Fig. 3, B and C) . By the time the rarefaction reaches the meteorite-target interface, the meteorite has reached the end of its penetration path at 13 km. The meteorite and a closely adjacent mass of rock of roughly equivalent mass are vaporized and begin ascending in a hot fireball.
Although some energy is released along the whole penetration path, and although free-surface effects on the meteorite and target rock are important in detail (23, 32) , to first order the process can be modeled by examining the decay of the peak-pressure isobars radially from a maximum value of 660 GPa centered in a mass of material at the depth of penetration (Fig. 3, B and C A hot fireball is formed from vaporized material surrounding the penetration cavity (Fig. 3, B (8) and the absence of shocked quartz in the lower K-T layer in the western United States (3) (4) (5) (Fig. 1) (Fig. 3D) . As the warm fireball expanded, the solid particles decoupled from the gas and followed ballistic trajectories to their sites of deposition.
In summary, during the release phase, we propose that three relatively distinct flow fields developed: a hot fireball, an ejecta curtain of melt plus strongly and moderately shocked solid ejecta, and a separate vaporparticle mixture which we have termed a "warm fireball." The warm fireball is at least conceptually distinct from the initial fireball produced by vaporization of the meteorite and of the carbonate and silicate target rock directly beneath the impact point. The time of origin, pressure-temperature histories, chemical content, and ascent dynamics of these two kinds of gaseous material are different. We refer to the double gaseous regime as a "fireball doublet" (Fig. 3D) .i.33.f.. a.:urrelrs
